Introduction {#S0001}
============

Nasopharyngeal carcinoma (NPC) is a rare malignancy in most parts of the world. According to the latest statistics, approximately 80% of patients with NPC are observed in Asia, particularly in Southeast Asia and South China. A previous report mentioned that the estimated incidence rate of NPC in China was 60.6 per 100,000 individuals and the associated mortality rate was 34.1 per 100,000 individuals.[@CIT0001]

Radiotherapy (RT) is an essential component of curative-intent treatment for NPC, and stage I disease is treated with RT alone.[@CIT0002],[@CIT0003] The anatomical locations and proximities of numerous organs at risk (OARs) make RT for NPC very demanding. Different RT modalities, such as intensity-modulated radiotherapy (IMRT) and volumetric-modulated arc therapy (VMAT), have been used widely to improve the local control rate of NPC.[@CIT0004] IMRT can provide better parotid sparing and improved quality of life compared with three-dimensional conformal radiotherapy (3D-CRT) in patients with early-stage NPC.[@CIT0005],[@CIT0006] IMRT can be applied using either a sequential (SEQ) boost[@CIT0007],[@CIT0008] or simultaneous integrated boost (SIB) technique.[@CIT0009],[@CIT0010] Normally, SEQ uses a conventional dose of 1.8--2 Gy/fraction throughout the course of RT, whereas SIB provides an opportunity to simultaneously treat both the primary and secondary targets at different doses.[@CIT0011]

Although IMRT and VMAT have been shown to improve dose conformity and reduce doses to OARs, low-dose volumes in non-target tissues have been found to be greater with IMRT or VMAT than with 3D-CRT. Radiation exposure of a large volume of non-target tissue might have a negative impact in terms of secondary cancer risk (SCR).[@CIT0012],[@CIT0013] The exact mechanism of radiation-induced second malignancy is unknown. However, currently, it is a growing concern in oncology because of the high number of cancer survivors, and efforts are being made to prevent or decrease the incidence of radiation-induced second malignancy. Several models exist for the theoretical determination of the risk associated with RT. These models have various degrees of complexity, and they could be used for extrapolating the epidemiological knowledge derived from conventional treatment techniques to new RT techniques and for comparing the risks associated with different treatment techniques.

To our knowledge, only one previous report has compared radiation-induced SCR between IMRT-SIB and VMAT-SIB in patients with NPC[@CIT0014] and no previous report has compared the SEQ and SIB techniques. The present study aimed to compare SCR, which is considered as a late toxicity, between the SEQ and SIB techniques in IMRT and VMAT in patients with NPC using the concepts of organ equivalent dose (OED) and excess absolute risk (EAR) for dose--response modeling.

Materials and Methods {#S0002}
=====================

Patient Characteristics {#S0002-S2001}
-----------------------

Computed tomography (CT) scans of five patients with NPC who had undergone RT were retrospectively selected for this study. The median age of the patients was 45 years (range, 35--61 years). According to the American Joint Committee on Cancer staging system, the clinical stage distribution of the patients was stage I--II.

Ethics Statement {#S0002-S2002}
----------------

This study was approved by the Karadeniz Technical University, Faculty of Medicine, Farabi Hospital Ethics/Institutional Review Board (Number:2019/264, Date:16.09.2019); due to the secondary use of existing data, the patient informed consent was waived by the institutional review board. All procedures performed in the study were in accordance with the ethical standards of the institutional research committee and with the Helsinki declaration.

Delineation of Target Volumes and Organs at Risk {#S0002-S2003}
------------------------------------------------

The patients underwent CT (3-mm slice thickness) in the supine position. Gross tumor volume (GTV) was defined as the visualization of any gross tumor on CT images or other images (magnetic resonance imaging and positron emission tomography). Clinical target volume (CTV) was defined as GTV plus areas considered at risk for containing microscopic disease delineated by a physician. CTV~3~ was defined as GTV plus a 5-mm margin around GTV. This margin can be reduced to as low as 1 mm for tumors in close proximity to critical structures. For CTV~2~, all potential routes of spread for primary and nodal GTVs were delineated by a radiation oncologist. For CTV~1~, all levels of the neck, except for level I, were defined as low-risk subclinical regions, with a prescription dose of 50 Gy or 52.8 Gy. A 3-mm margin was added to all CTVs to create respective planning target volumes (PTVs; PTV~1~, PTV~2~, and PTV~3~). The mean PTV~1~, PTV~2~, and PTV~3~ volumes of 5 patients were 602 ± 76 cm^3^ (range 530--682), 177 ± 7 cm^3^ (range 169--184), and 123 ± 27 cm^3^ (range 88--147), respectively. PTVs were trimmed to 3 mm from the skin surface ([Figure 1](#F0001){ref-type="fig"}).Figure 1Examples of the contours of the planning target volumes (PTVs) in the axial (**A**), coronal (**B**), and sagittal (**C**) planes for a selected patient. Green indicates PTV~1~, blue indicates PTV~2~, and red indicates PTV~3.~

OARs were delineated according to the Radiation Therapy Oncology Group 0225 protocol.[@CIT0015] The delineated OARs included the brain stem, spinal cord, oral cavity, pharynx, parotids, submandibular glands, mandible, optic nerves, optic chiasm, lens, mandible, pituitary gland, and soft tissue (total exposed volume minus PTV~1~).

Treatment Planning {#S0002-S2004}
------------------

For each patient, IMRT-SEQ, VMAT-SEQ, IMRT-SIB, and VMAT-SIB plans were created with the same goals and objectives. The Eclipse treatment planning system (version 10, Varian Medical Systems, Palo Alto, CA, USA) was used for treatment planning, utilizing 6 MV photon beams.

The SEQ technique had the following three plans: 2 Gy × 25 fractions (50 Gy) to the low-risk PTV (PTV~1~), followed by two different sequential boosts (2 Gy × 5 fractions; 60 Gy and 70 Gy) to the medium- and high-risk PTVs (PTV~2~ and PTV~3~). On the other hand, the SIB technique involved the treatment of the low-, medium-, and high-risk PTVs with doses of 52.8 Gy, 59.4 Gy, and 69.3 Gy, respectively, in 33 fractions with plan normalization to cover at least 95% of PTV~1~ with 95% of the prescribed dose.

SCR was calculated at the brain stem, spinal cord, oral cavity, pharynx, parotids, submandibular glands, mandible, and soft tissue. Dose constraints were used to create acceptable dose limits for the brain stem, spinal cord, and parotids among the organs for which SCR was calculated; the dose constraint process was excluded for other organs, such as the oral cavity, pharynx, submandibular glands, mandible, and soft tissue. The plans were iteratively optimized to obtain optimal coverage of PTVs and sparing of OARs. The dose constraints for the OARs are presented in [Table 1](#T0001){ref-type="table"}.Table 1Dose Constraints of the Organs at Risk (OARs)OARGoal or Constraint DoseBrain stemD~max~ \< 54 GySpinal cordD~max~ \< 46 GyParotidsD~mean~ ≤ 26 GyV~30~ ≤ 50%Optic nervesD~max~ \< 54 GyOptic chiasmD~max~ \< 54 GyPituitary glandD~max~ \< 54 GyLensD~max~ \< 25 Gy

The IMRT plans involved nine (PTV~1~), seven (PTV~2~), and five (PTV~3~) coplanar fields with equally spaced gantry angles for SEQ and nine coplanar fields with equally spaced gantry angles for SIB. The VMAT plans involved two full coplanar arcs.

Calculation of Secondary Cancer Risk Estimates {#S0002-S2005}
----------------------------------------------

It is known that for doses below 2 Gy, the dose--response relationship is linear.[@CIT0012] However, for higher doses and inhomogeneous dose distributions, the dose--response relationship is not linear[@CIT0012],[@CIT0016] and other dose--response functions are required to describe the relation. To facilitate the estimation of SCR for irradiated organs, Schneider et al introduced the concept of OED, according to which any two dose distributions in an organ are equivalent if they cause the same radiation-induced cancer incidence.[@CIT0016]

Different models for OED calculation are available according to the different assumptions of cell behavior after dose exposure.[@CIT0017],[@CIT0018] Schneider's full mechanistic dose--response model was used in this study. The full mechanistic model accounts for killing and fractionation effects.[@CIT0018],[@CIT0019] OEDs for the brain stem, spinal cord, oral cavity, pharynx, parotids, and submandibular glands were calculated using a full mechanistic dose--response model based on differential dose--volume histograms (dDVHs), according to the following formula: $$\documentclass[12pt]{minimal}
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where α and β are parameters from the linear quadratic model of cell killing, describing the linear and quadratic dose response of the tissue to radiation.

OEDs for the mandible and soft tissue were calculated using a specific mechanistic sarcoma model based on intermediate repopulation (R = 0.5) according to the following formula: $$\documentclass[12pt]{minimal}
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The risk of developing secondary solid cancer after RT is usually represented by EAR. The EAR for the development of solid cancer describes the absolute difference in cancer rates between persons exposed to a dose d and those not exposed to a dose beyond the natural dose exposition per 10,000 persons per year.[@CIT0018] EAR can be calculated as follows:[@CIT0018] $$\documentclass[12pt]{minimal}
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$$EAR = EA{R_0}.OED.\mu \left({agex,agea} \right)$$
\end{document}$$
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\end{document}$ is the initial slope of the dose--response curve at a low dose. The function $\documentclass[12pt]{minimal}
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$$\mu $$
\end{document}$ takes into account the age of the population examined based on the patient's age at the time of irradiation (agex) and the attained age of the patient in years (agea). It can be calculated as follows: $$\documentclass[12pt]{minimal}
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$$\mu \left({agex,agea} \right) = \exp \left[{ {\gamma _e}.\left({agex - 30} \right)} \right. + {\gamma _a}.ln\left({agea/70} \right)]$$
\end{document}$$
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$$EA{R_0}$$
\end{document}$ was originally calculated for persons exposed at the age of 30 years and attaining the age of 70 years). All EARs in this study were calculated with age modification for patients irradiated at the age of 45 years (agex) and attaining the age of 70 years (agea).

The site-specific parameters were derived from a combined fit to data from atomic bomb survivors and patients treated with RT for Hodgkin disease, assuming an α/β

value of 3 Gy.[@CIT0018] The difference in the baseline risks for developing cancer without exposure to radiation between the Japanese and Western populations was included. The parameters used for the OED and EAR calculations are presented in [Table 2](#T0002){ref-type="table"}.Table 2Risk Parameters for All TissuesTissuesά (Gy^−1^)REAR~0~γ~e~γ~a~Brain stem and spinal cord0.0180.930.7−0.0242.38Oral cavity and pharynx0.0430.970.73−0.0242.38Parotids and submandibular glands0.0870.230.73−0.0242.38Mandible0.0670.500.20−0.013−0.56Soft Tissue0.0600.500.60−0.013−0.56

Statistical Analysis {#S0002-S2006}
--------------------

The two-tailed Wilcoxon signed-rank test was used to compare differences between the DVH parameters of the IMRT and VMAT plans (each pair of patient-specific DVH values was compared). All statistical analyses were performed using SPSS software (version 22.0; SPSS Inc., Chicago, IL, USA). Significance level was set at p = 0.05.

Results {#S0003}
=======

The mean volume of the PTV~1~, PTV~2~, and PTV~3~ were 624.96 ± 112.17 cm^3^, 177.58 ± 6.96 cm^3^, and 123.44 ± 27.49 cm^3^, respectively. In all five cases, all plans were clinically acceptable, with at least 95% of the PTVs receiving 95% of the prescribed dose.

The mean parotid volume was 47 ± 13.28 cm^3^. For IMRT-SEQ, VMAT-SEQ, IMRT-SIB, and VMAT-SIB, the mean doses (D~mean~) for the right parotid were 25.80 ± 1.83 Gy, 23.23 ± 0.90 Gy, 25.15 ± 1.03 Gy, and 22.39 ± 1.23 Gy, respectively, and those for the left parotid were 26.70 ± 1.44 Gy, 23.43 ± 1.49 Gy, 26.47 ± 1.19 Gy, and 23.31 ± 0.74 Gy, respectively. The dosimetric data for the parotids and soft tissue are summarized in [Table 3](#T0003){ref-type="table"}. The D~mean~ of the parotids was significantly higher with IMRT than with VMAT for both the SEQ and SIB techniques. The V~30~ of the parotids and the soft tissue doses (V~1~, V~3~, and V~5~) were not significantly different ([Table 3](#T0003){ref-type="table"}).Table 3Comparison of the Parotid and Soft Tissue Dose--Volume Metrics as a Function of Plan ModalityMetricIMRT-SEQVMAT-SEQIMRT-SIBVMAT-SIBIMRT-SEQ vs VMAT-SEQ p-valueIMRT-SIB vs VMAT-SIB p-valueIMRT-SEQ vs IMRT-SIB p-valueVMAT-SEQ vs VMAT-SIB p-value**Right parotid** D~mean~ (Gy)25.80 ± 1.8323.23 ± 0.9024.85 ± 1.0322.39 ± 1.23**0.0450.014**0.5570.310 V~30~ (%)24.25 ± 3.7819.75 ± 1.7122.00 ± 2.4518.25 ± 2.060.0930.0580.3620.305**Left parotid** D~mean~ (Gy)26.70 ± 1.4423.43 ± 1.4925.87 ± 1.1922.85 ± 0.74**0.0200.004**0.8100.892 V~30~ (%)25.75 ± 4.3524.00 ± 3.9224.25 ± 4.6521.25 ± 2.630.5720.3040.6540.288**Soft tissue** V~1~ (%)98.65 ± 1.1699.9 ± 0.0098.73 ± 1.0999.9 ± 0.000.1210.1190.9280.724 V~3~ (%)96.63 ± 1.0497.45 ± 0.5096.75 ± 1.1697.53 ± 0.420.2030.2560.8780.826 V~5~ (%)91.28 ± 1.9493.30 ± 0.6392.35 ± 1.6694.05 ± 0.950.0940.1260.4320.236[^1]

The OED and EAR values for all OARs according to the SEQ and SIB techniques in IMRT and VMAT are shown in [Table 4](#T0004){ref-type="table"}. The relative difference between SCRs associated with the SEQ and SIB techniques was greatest for the parotids compared with the findings for all other organs in both IMRT and VMAT, with a reduction of approximately 40% ([Table 4](#T0004){ref-type="table"}). On comparing only the SEQ and SIB techniques, IMRT and VMAT showed similar SCRs (except for the mandible \[SEQ\] and parotids \[SIB\]). SIB in both IMRT and VMAT resulted in the lowest OEDs for the oral cavity, pharynx, parotids, and submandibular glands, and was thus associated with SCR reduction compared with SEQ; conversely, SEQ in both IMRT and VMAT significantly reduced the OED and EAR of the soft tissue compared with SIB.Table 4OED and EAR Values for All OARs According to the SEQ and SIB Techniques in IMRT and VMATSitesModelIMRT-SEQVMAT-SEQIMRT-SIBVMAT-SIBIMRT-SEQ vs VMAT-SEQ p-valueIMRT-SIB vs VMAT-SIB p-valueIMRT-SEQ vs IMRT-SIB p-valueVMAT-SEQ vs VMAT-SIB p-valueBrain stemOED^a^19.27 ± 1.9418.99 ± 1.0419.68 ± 1.6221.43 ± 2.250.2910.0940.2540.097EAR^b^7.78 ± 0.797.71 ± 0.427.92 ± 0.668.70 ± 0.920.2950.0950.2550.098Spinal cordOED^a^14.34 ± 2.2813.36 ± 1.2315.29 ± 2.3416.36 ±1.520.4790.4700.583**0.022**EAR^b^5.82 ± 0.935.43 ± 0.506.21 ± 0.956.65 ± 0.620.4810.4690.581**0.022**Oral cavityOED^a^18.80 ± 0.7819.03 ± 0.8717.48 ± 0.4217.27 ± 0.410.7150.490**0.0250.011**EAR^b^7.96 ± 0.338.06 ± 0.377.40 ± 0.187.31 ± 0.170.7150.505**0.0250.010**PharynxOED^a^24.62 ± 2.0524.57 ± 2.3020.39 ± 0.3320.25 ± 0.350.9750.583**0.0240.031**EAR^b^10.43 ± 0.8710.40 ± 0.988.63 ± 0.148.58 ± 0.150.9740.595**0.0240.032**ParotidsOED^a^6.63 ± 0.896.73 ± 0.633.96 ± 0.044.06 ± 0.060.860**0.0300.009\<0.001**EAR^b^2.81 ± 0.382.85 ± 0.271.68 ± 0.021.72 ± 0.030.859**0.0380.009\<0.001**Submandibular glandOED^a^3.30 ± 0.183.67 ± 0.272.95 ± 0.093.07 ± 0.140.0620.222**0.0140.007**EAR^b^1.40 ± 0.071.55 ± 0.111.25 ± 0.041.30 ± 0.060.0590.239**0.0120.007**MandibleOED^a^3.85 ± 0.812.62 ± 0.293.87 ± 0.323.33 ± 0.33**0.027**0.0540.991**0.017**EAR^b^0.66 ± 0.140.45 ± 0.050.67 ± 0.050.57 ±0.06**0.047**0.0570.998**0.020**Soft tissueOED^a^2.25 ± 0.102.07 ± 0.152.74 ± 0.112.58 ± 0.170.0950.174**0.0010.004**EAR^b^1.16 ± 0.051.07 ± 0.081.41 ± 0.061.33 ± 0.090.0860.169**0.0010.004**[^2]

[Figure 2](#F0002){ref-type="fig"} shows the OED and EAR values for all OARs stratified according to the techniques. As shown in [Figure 2E](#F0002){ref-type="fig"}, the EAR-SEQ:EAR-SIB ratio was the greatest for the parotids compared with the findings for all other OARs, indicating that parotids have a higher SCR with the SEQ technique than with the SIB technique.Figure 2Graphs showing correlations between organ equivalent doses (OEDs) and excess absolute risks (EARs) for all organs at risk (OARs) stratified by four plans. (**A**) Brain stem, (**B**) spinal cord, (**C**) oral cavity, (**D**) pharynx, (**E**) parotids, (**F**) submandibular glands, (**G**) mandible, and (**H**) soft tissue.**Abbreviations:** IMRT, intensity-modulated radiotherapy; VMAT, volumetric-modulated arc therapy; SEQ, sequential boost; SIB, simultaneous integrated boost.

Discussion {#S0004}
==========

Owing to technological advancements, new RT techniques, such as IMRT, have been developed with the intention of not only improving tumor coverage but also sparing OARs compared with traditional two-dimensional RT.[@CIT0005],[@CIT0020]-[@CIT0022] Furthermore, VMAT has been shown to be superior to IMRT with regard to improving dose homogeneity and sparing critical organs at multiple tumor sites.[@CIT0023]--[@CIT0025]

IMRT and VMAT can be applied using either the SEQ or SIB technique. The SIB technique allows simultaneous delivery of different doses to different target volumes within a single treatment fraction, enabling the shortening of treatment duration and enhancing the biological equivalent dose. Most clinical studies involving NPC used the SIB technique[@CIT0009],[@CIT0010],[@CIT0022],[@CIT0026] and rarely performed comparisons with the other technique.[@CIT0007],[@CIT0008],[@CIT0027] To our knowledge, only one previous study has compared the radiation-induced SCR between IMRT-SIB and VMAT-SIB in patients with NPC[@CIT0014] and no previous report has compared the SEQ and SIB techniques in terms of SCR. Therefore, the findings of the present study comparing the SEQ and SIB techniques in IMRT and VMAT are important.

Dosimetric studies comparing IMRT-SEQ and IMRT-SIB revealed that both techniques provided the same target coverage; however, IMRT-SIB showed better parotid sparing, whereas IMRT-SEQ lowered the maximum doses to the spinal cord and brain stem.[@CIT0028],[@CIT0029] In the present study, all plans showed equally good PTV coverage. Our dosimetric data indicated that parotid sparing was slightly better with IMRT-SIB and VMAT-SIB than with IMRT-SEQ and VMAT-SEQ in terms of the D~mean~ and V~30~; however, there were no significant differences. According to our results, the D~mean~ to the parotids was significantly lower in VMAT than in IMRT for both SEQ and SIB.

In this study, most OED-based SCRs, including those in the oral cavity, pharynx, parotids, and submandibular glands, were significantly lower with the IMRT-SIB and VMAT-SIB plans than with the IMRT-SEQ and VMAT-SEQ plans. However, the most striking result in our study was regarding SCR for the parotids. The relative difference in SCR between the SEQ and SIB techniques was the greatest for the parotids in both IMRT and VMAT, with an approximately 40% reduction with the SIB technique, although there were no significant differences with regard to the D~mean~ and V~30~ of the parotids. In this study, SCR was calculated on the basis of the radiation dose received by OARs. To calculate the risks of nonhomogeneous doses to the organs, the concept of OED was used for directly considering the dose--response relationship for the organs. Our results showed that although there was no difference between the plans in terms of D~mean~, there could be a difference in terms of SCR associated with D~max~ and nonhomogeneous dose distribution in the organs. In NPC cases, the parotids might touch the treatment field (especially with regard to PTV~1~), and we should pay particular attention to the organs near a treated region considering the secondary malignancy potential.

In a study by Lee et al differences in SCR between IMRT-SIB and VMAT-SIB were assessed with regard to NPC. The authors found that the OED-based SCR was slightly higher for the oral cavity and mandible when VMAT-SIB was used.[@CIT0014] According to their results, there was no significant difference in terms of SCR to other organs, including the brain stem, parotids, pharynx, submandibular glands, lungs, spinal cord, and healthy tissue. The present study found no differences between IMRT-SIB and VMAT-SIB for the oral cavity and mandible and found that SCR was slightly higher for the parotids when VMAT-SIB was used. A direct comparison of our data with data from other groups is not straightforward because of the possible differences in GTV delineation, treatment margins, irradiation volume, and adopted methods.

VMAT was equivalent or superior to IMRT in terms of PTV coverage and OAR sparing. However, higher SCR should be taken into consideration; it might be caused by the distribution of low-dose radiation to non-target healthy tissue.[@CIT0014],[@CIT0030] According to our results, there were no significant differences between IMRT and VMAT regarding V~1~, V~3~, and V~5~ values with both the SEQ and SIB techniques and regarding SCR with the same techniques for the soft tissue. However, SCR for the soft tissue was significantly lower with the SEQ technique than with the SIB technique in both IMRT and VMAT.

There are a number of limitations in our work. We performed this analysis of the SCR in only five patients. Other studies involving similar cancer risk assessments also used a small number of patients (typically two to three cases per study). The reason for the relatively small sample size in this type of studies is that the primary interest is the investigation of the differences between planning techniques rather than the factors associated with inter-patient variability.[@CIT0031],[@CIT0032] There are also other uncertainties in radiation-induced secondary cancer models and parameters.

In epidemiological studies, radiation-induced malignancy might be influenced by factors such as radiation dose and age at initial exposure.[@CIT0033] In this study, the median age of the patients was 45 years (range, 35--61 years). We selected patients who were relatively young at the time of treatment to take into account the age dependence of SCR. All SCRs were calculated with age modification for patients irradiated at the age of 45 years (because the median age of the patients is 45 years) and attaining the age of 70 years to obtain exact SCRs. SCR is a non-negligible late complication encountered by young patients, especially long-term survivors of NPC.

In this study, most OED-based SCRs were significantly lower with the SIB technique than with the SEQ technique. However, SIB might carry a high risk of regional recurrence because of the low dose per fraction at the elective nodal region and might cause late adverse toxicities because of the high dose per fraction near GTV. For further clarification, randomized clinical trials comparing the treatment outcomes between these two techniques are needed.

Conclusion {#S0005}
==========

IMRT and VMAT are the standards of care for NPC and can be applied using either the SEQ or SIB technique. Although IMRT and VMAT have become common treatment modalities for NPC, there is concern regarding SCR associated with their use. Our findings suggest that OED-based SCRs are usually lower with the SIB technique than with the SEQ technique in IMRT and VMAT and that SCR for the parotids is dramatically lower than that for other organs when the SIB technique is used in patients with NPC.
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[^1]: **Notes:** The bold values indicate significant differences.

    **Abbreviations:** IMRT, intensity-modulated radiotherapy; **VMAT**, volumetric-modulated arc therapy; **SEQ**, sequential boost; **SIB**, simultaneous integrated boost; **D~mean~**, mean dose; **V~x~**, volume (%) receiving x dose (Gy) or higher; **Gy**, Gray.

[^2]: **Notes:** The means and standard deviations of the OED and EAR values for all patients are presented. The bold values indicate significant differences. **^a^**Unit is Gray, **^b^**Unit is per 10,000 persons per year.

    **Abbreviations:** OED, organ equivalent dose; EAR, excess absolute risk; OARs, organs at risk; IMRT, intensity-modulated radiotherapy; VMAT, volumetric-modulated arc therapy; SEQ, sequential boost; SIB, simultaneous integrated boost.
